Many species of wild mushroom are consumed worldwide, serving as both nutritional and medicinal resources. Lentinula edodes, commonly known as shiitake in Japan, is one of the most popular edible mushrooms native to Japan, Southeast Asia, Papua New Guinea, and New Zealand.
1) The collection and consumption of wild mushrooms such as L. edodes has become increasingly popular in Japan and other countries; however, mushroom poisoning has become more prevalent due to this increasing popularity and the subsequent increase in incidences of species misidentification. Poisoning by Omphalotus guepiniformis (Tsukiyotake), which contains the toxic compound illudin S, 2, 3) accounted for the largest percentage (31.6%) of mushroom poisoning cases in Japan between 1996 and 2005 (584 total cases). 4) Fruiting bodies of O. guepiniformis are frequently found on the debris of beech species in cool temperate forests in Japan, their morphology being similar to that of the fruiting bodies of L. edodes and other edible mushrooms. A major cause of food poisoning by O. guepiniformis is its misidentification as an edible species such as L. edodes.
Food poisoning by O. guepiniformis is associated with gastrointestinal symptoms such as stomachache, diarrhea, and vomiting that can last anywhere from 30 min to 3 h after consumption.
3) Rapid identification of the source of food poisoning is necessary for proper medical treatment. Although mushrooms are mainly identified by their morphological characteristics, their morphology can be influenced by environmental factors and by alterations during processing. In cases of mushroom poisoning thought to be caused by O. guepiniformis, identification of O. guepiniformis has previously been achieved by determining the presence of illudin S, the main toxic component of O. guepiniformis, using liquid chromatography, 5) liquid chromatography with tandem mass spectrometry 6) or gas chromatography-mass spectrometry. 7) An illudin S reference standard is necessary to identify O. guepiniformis by these chromatographic methods; however, such a reference standard has not yet been made commercially available. Alternatively, a real-time PCR assay using SYBR Green I has been used in order to identify O. guepiniformis. 8) Although DNA amplification-based real-time PCR using SYBR Green I is not dependent on the specimen morphology and can accurately and rapidly identify target mushroom species, a dye like SYBR Green I sometimes provides false positive results due to nonspecific double-stranded DNA binding, as well as to dimerization of primers and other non-specific reaction products. 9, 10) The TaqMan assay, using such a hybridization probe as the TaqMan minor groove binder (MGB) probe, allows for very specific species identification. [9] [10] [11] MGB increases the melting temperature of the probe, allowing the use of a shorter probe.
11) Real-time PCR using TaqMan MGB probes has been used to identify species of mushroom 12) and other ingredients in foods. [13] [14] [15] [16] The TaqMan assay can simultaneously detect distinct fluorescent signals emitted by different reporter dyes attached at the 5 0 -ends of nucleic acid strands. 17) In order to determine the cause of food poisoning when mushroom is suspected, the ability to rapidly distinguish between O. guepiniformis and L. edodes is required, as O. guepiniformis is frequently misidentified as L. edodes.
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Materials and Methods
Materials. -Amylase from human saliva and pepsin from porcine gastric mucosa were purchased from Sigma-Aldrich (St. Louis, MO, USA). A TE buffer (pH 8.0) was purchased from Nippon Gene (Tokyo, Japan). The primer pairs and TaqMan MGB probes were synthesized by Life Technologies (Carlsbad, CA, USA) and dissolved in the TE buffer. A DNeasy Plant mini kit was purchased from Qiagen (Hilden, Germany), and a Universal Master mix was purchased from Life Technologies.
Samples. Fruiting bodies from 17 samples of O. guepiniformis (OG1-17) and 16 samples of L. edodes (LE1-16) were used in this study ( Table 1 ). The 14 fruiting bodies of O. guepiniformis (OG1-14) collected in Yamagata, Japan (Mt. Haguro, Mt. Yudono, and Mt. Gassan) were provided by Dr. Yoshimasa Kasahara (Yamagata Prefectural Institute of Public Health), and the other three specimens (OG15-17), collected in both Nagano and Ibaraki prefectures, Japan, were provided by Dr. Toshimitsu Fukiharu (Natural History Museum and Institute, Chiba). The fruiting bodies of L. edodes used in the current study were commercial cultivars produced in Japan and China, and were obtained from markets in Fukuoka, Japan. In addition to the specimens of O. guepiniformis and L. edodes, 57 other species of mushroom (Table 2) were used in order to test for cross-reactivity; among these 57 species, 52 were purchased from markets in Fukuoka, Japan. The A. pantherina, C. acromelalga, E. rhodopolium, and T. ustale specimens were provided by Dr. Toshimitsu Fukiharu (Natural History Museum and Institute, Chiba) and Mr. Toshiyasu Ishii (Chiba Prefectural Institute of Public Health). Omphalotus olearius (NBRC8533) was purchased from the NITE Biological Resource Center (Chiba, Japan).
Processing of the samples. The fruiting bodies of O. guepiniformis (OG6) and L. edodes (LE8) were cut into 5-mm-thick pieces measuring approximately 30 mm Â 30 mm. These pieces were processed either by baking, stir-frying, deep-frying, boiling or digesting. The pieces processed by baking were baked on both sides at 240 C for a total time of 2 min on a hotplate; the pieces processed by stir-frying were stir-fried on both sides at 240 C for 2 min total time on a hotplate greased with canola oil; the pieces processed by deep-frying were deep-fried at 180 C for 2 min in a beaker filled with canola oil; the pieces processed by boiling were boiled for 30, 60, 120, or 180 min in a beaker filled with water; and artificially digested samples were prepared according to the procedure derived from Chanvrier et al. [18] [19] [20] To each 500 mg of a powdered sample ground with a mortar and pestle after freezing with liquid nitrogen, 1 mL of artificial saliva containing -amylase (250 unit/mL of distilled water) was added. After vortexing for 15-20 s, the mixture was incubated with 5 mL of pepsin (1 mg/mL of 0.02 M HCl) at 37 C for 30 min in an aluminum block bath (ALB-221, Iwaki, Japan). Each sample was inactivated by adding an equal volume of 95% ethanol and then centrifuged for 10 min at 2;000 g with a 6200 high-speed refrigerated centrifuge (Kubota Co., Tokyo, Japan). The supernatant was discarded, and the resulting residue was washed twice, first with a 0.2 M acetate buffer (pH 6.0) and then by a second wash with water.
Miso soup replicates containing either an O. guepiniformis or L. edodes sample were prepared from instant vegetable miso soup (Nagatanien, Tokyo, Japan). Approximately 1% (w/w) of the fruiting body of O. guepiniformis or L. edodes was added to the raw miso and dried vegetables supplied in the instant vegetable miso soup package, after which 180 mL of boiling water was added to the mixture. The miso soup replicates were then centrifuged for 10 min at 2;000 g, the residue obtained from each centrifugation being washed twice with distilled water and ground by a mixer.
Oligonucleotide primers and probes for multiplex real-time PCR. Two primer pairs and TaqMan MGB probes were designed from internal transcribed spacers 1 (ITS1)-5.8S rDNA by using Primer Express software v. 3.0 (Life Technologies) for detecting O. guepiniformis and L. edodes. Sequence data for the ITS1-5.8S rDNA region of O. guepiniformis (accession no. AY313286) and L. edodes (AF079572) were obtained from NCBI GenBank. The sequences of the primers and probes are listed in Table 3 . The O. guepiniformis detection system (OMGU-F and OMGU-R with OMGU-Taq) and L. edodes detection system (LEED-F and LEED-R with LEED-Taq) were used in the multiplex real-time PCR assay. OMGU-Taq was labeled with the 6-carboxyfluorescein (FAM) reporter at the 5 0 end, and LEED-Taq was labeled with the 6-carboxyrhodamine (VIC) reporter at the 5 0 end. Both Taq-Man MGB probes were conjugated to a nonfluorescent quencher (NFQ) and MGB at the 3 0 end.
DNA extraction. Each sample was frozen by using liquid nitrogen and ground to a fine powder with a mortar and pestle. Genomic DNA was extracted from 300 mg (wet weight) or 50 mg (dry weight) of the finely ground powder of each individual specimen by using the DNeasy Plant mini kit. DNA extraction was carried out according to manufacturer's protocol with the following modifications to the fluid volume: 600 mL of buffer AP1, 6 mL of RNase A (100 mg/mL concentration) and 195 mL of buffer AP2. The concentrations of the obtained DNA solutions were evaluated by the absorbance at 260 nm, using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Each DNA solution was diluted to a final concentration of 1 ng/mL in the TE buffer.
Multiplex real-time PCR conditions. In order to simultaneously detect O. guepiniformis and L. edodes, multiplex real-time PCR was performed with an ABI 7900HT real-time PCR system (Life Technologies). The reaction volume of 25 mL contained 2.5 mL of a DNA solution (1 ng/mL), 12.5 mL of the Universal Master mix, 0.3 mL of OMGU-F and R (25 mM), 0.25 mL of OMGU-Taq (10 mM), 0.3 mL of LEED-F and R (25 mM), and 0.25 mL of LEED-Taq (10 mM). Real-time PCR amplification in the reaction plate was performed in triplicate for each sample, using a no-template control as the negative control. The PCR conditions comprised 2 min at 50 C (initial activation of uracil-N-glycosylase) and 10 min at 95 C, this being followed by 40 cycles of 15 s at 95 C and 1 min at 60 C.
Analysis of the multiplex real-time PCR data. The real-time PCR data was analyzed by using SDS software v. 2.3 (Life Technologies). The baseline was set to cycles 3 to 15. The threshold line was manually set to 0.2, this being in the region of exponential amplification across all amplification plots of the positive samples (genomic DNA extracted from O. guepiniformis or L. edodes) for each detection system. The threshold cycle value (Ct value) was automatically calculated as the cycle number at which logarithmic PCR plots crossed the threshold line. The Ct value for each sample was determined by using the mean of triplicate wells. Reactions with a Ct value of less than 38 were scored positive for the presence of O. guepiniformis and L. edodes, since three ÁRn values of the cycle number (35-37) before the Ct value and of the cycle number (38-40) after the Ct value around the detection limit were required to verify the exponential amplification in a 40-cycle run. 21) If a Ct value could not be obtained, the reaction was scored negative for the presence of O. guepiniformis and L. edodes.
Results
Primer and probe design The ITS1-5.8S region of rDNA within the genomic DNA was selected as the target gene for detecting O. guepiniformis and L. edodes. The ITS1-5.8S region of rDNA has already been investigated in many fungi, including O. guepiniformis and L. edodes. [22] [23] [24] The ITS1 region is a non-coding region intervening between 5.8S rDNA and 18S rDNA and has areas of high conservation and high variability, making it suitable for PCR primer design to identify fungal species. 25 ) Some PCR methods using the ITS1 region have already been developed for identifying fungal species. 8, 26, 27) The primer pairs and probes were based on the ITS1-5.8S rDNA region for a multiplex real-time PCR assay in order to simultaneously detect the presence of O. guepiniformis and L. edodes. It has also been reported that, in certain species of the genus Omphalotus (O. guepiniformis, O. olearius, O. illudens, O. nidiformis, O. olivascens, O. subilludens, and O. mexicanus), the ITS regions have highly homologous sequences. 22, 28) The TaqMan MGB probe was therefore used for the assay as it would provide higher sequence specificity than the SYBR Green and standard DNA probes. [9] [10] [11] The sequences of the designed TaqMan MGB probes had no significant homology with other known sequences, this being confirmed by a BLAST search. The sequences used for the designed primers and TaqMan MGB probes are listed in Table 3 .
Conditions for multiplex real-time PCR Multiplex real-time PCR assays were conducted with O. guepiniformis or L. edodes DNA (2.5 ng) in order to determine the optimal concentrations of the designed primer pairs and TaqMan MGB probes. The concentrations of both primer pairs were tested in the range of 100-400 nM (100, 200, 300 and 400 nM) and no other parameters were varied, including the concentrations of both probes (200 nM). Almost no difference was apparent in both the O. guepiniformis and L. edodes detection systems between the Ct values at primer concentrations of 300 and 400 nM, although these values were lower at 300 and 400 nM than those at 100 and 200 nM. The optimal concentration of both primer pairs was therefore determined to be 300 nM. Setting the concentration of both primer pairs at 300 nM, the concentrations of both probes were then tested in the range of 50-200 nM (50, 100 and 200 nM). Almost no difference was apparent between the Ct values obtained at probe concentrations of 100 and 200 nM with both detection systems, although the Ct values were lower at 100 and 200 nM than at 50 nM. The optimal reaction conditions were therefore determined to be 300 nM for the primer pairs and 100 nM for the probes.
Specificity
The designed primer pairs and TaqMan MGB probes were tested for their specificity toward the target species and for their cross-reactivity with other species of mushroom and with common food items. Multiplex realtime PCR was performed by using DNA extracted from the fruiting bodies of 17 O. guepiniformis, 16 L. edodes and 57 other species (Tables 1 and 2 ). The O. guepiniformis samples gave Ct values in the range of 17.50-20.28, and the L. edodes samples gave Ct values in the range of 16.51-19.21 (data not shown). Ct values were obtained from all the samples of O. guepiniformis and L. edodes, and no cross-reaction was apparent for any non-target species in either detection system. These results suggest that the designed primer pairs and probes were highly specific and selective for their target species and exhibited no cross-reactivity with other species.
Sensitivity and linearity
The limit of detection (LOD) and linearity of the standard curves for both the O. guepiniformis and L. edodes detection systems were determined by using a 10-fold dilution series of O. guepiniformis and L. edodes DNA ranging from 2.5 to 0.00025 ng. LOD was 0.00025 ng of DNA for both systems. Ct values obtained from the 10-fold dilution series were plotted against the logarithm of the absolute amount of DNA (ng) to obtain the standard curves. The linearity of both detection systems ranged from 2.5 ng to 0.00025 ng of DNA with a square regression correlation (R 2 ) of >0.999 (Fig. 1) . PCR efficiency of 100% is achieved when the slope is close to the theoretical value of À3.32. The observed slopes (À3.58 for O. guepiniformis and À3.58 for L. edodes) shown in Fig. 1 are close to this theoretical value. Based on this data, a PCR efficiency of 90% for the O. guepiniformis and L. edodes detection systems was calculated by using the equation PCR efficiency ¼ ð10
À1=slope À 1Þ Â 100. In order to mimic the conditions present during the extraction of O. guepiniformis and L. edodes DNA from different foods, genomic DNA of each species was mixed with genomic DNA of Panellus serotinus (Mukitake) at five mixing levels (0.01, 0.1, 1, 10 and 100%). The amount of total template DNA (Panellus serotinus DNA plus O. guepiniformis or L. edodes DNA (0.00025, 0.0025, 0.025, 0.25 or 2.5 ng)) was adjusted to 2.5 ng. The LOD value was 0.01% (0.00025 ng of DNA of O. guepiniformis or L. edodes), and the linearity of both detection systems was in the range of 0.01-100% with a square regression correlation (R 2 ) of >0.999 (data not shown). The PCR efficiency of the O. guepiniformis and L. edodes detection systems was greater than 80%, as calculated by the foregoing equation (a slope of À3.85 for O. guepiniformis and À3.82 for L. edodes). These results suggest that both detection systems were highly sensitive and gave good linearity for the standard curves, as well as high PCR efficiency for detecting O. guepiniformis and L. edodes.
Application of the assay to samples of processed foods containing other food items and artificial gastric juice
The applicability of the assay to processed mushrooms was investigated by analyzing samples of raw and processed (baked, stir-fried, deep-fried, boiled, and digested) fruiting bodies of O. guepiniformis and L. edodes. DNA extracted from these samples was tested by using the multiplex real-time PCR assay described in this current study. The Ct values obtained for the processed samples ranged from 20.48 to 26.55 (18.55 for the raw O. guepiniformis sample) with the O. guepiniformis detection system and from 17.79 to 22.73 (17.16 for the raw L. edodes sample) with the L. edodes detection system (Table 4) . Although all processed samples of O. guepiniformis and L. edodes had higher Ct values than the corresponding raw samples, Ct values with sufficient sensitivity for detection were still obtained. The applicability of the assay for processed mushrooms containing other food items and gastric juice was investigated by using miso soup samples containing vegetables with approximately 1% (w/w) O. guepini- (Table 4 ) with the O. guepiniformis and L. edodes detection systems. These results indicate that the multiplex real-time PCR assay described in this current study was applicable for use in the identification of processed and digested fruiting bodies of O. guepiniformis and L. edodes, and of fruiting bodies of O. guepiniformis and L. edodes in processed foods containing other food items and gastric juice.
Repeatability and reproducibility of multiplex realtime PCR
The repeatability and reproducibility were evaluated by using a 10-fold dilution series of both O. guepiniformis and L. edodes DNA ranging from 2.5 to 0.00025 ng. The mean, standard deviation (SD), and coefficient of variation (CV) of the Ct values for repeatability were calculated from the mean values obtained from three replicates performed by one researcher on the same day. The same variables for the Ct values of reproducibility were calculated from the mean values obtained from replicates performed over three separate days of trials. In respect of the repeatability, CV of the Ct values for O. guepiniformis DNA ranged from 0.04 to 0.38%, whereas CV of the Ct values for L. edodes DNA ranged from 0.05 to 0.30%. In respect of the reproducibility, CV of the Ct values for O. guepiniformis DNA ranged from 0.20 to 1.23%, whereas CV of the Ct values for L. edodes DNA ranged from 0.21 to 0.85% (Table 5) . These results for the repeatability and reproducibility tests indicate that the multiplex real-time PCR assay was reliable in its detection of O. guepiniformis and L. edodes DNA. 
Discussion
Wild fruiting bodies of the poisonous mushroom O. guepiniformis are frequently misidentified as those of such an edible mushroom as L. edodes, resulting in cases of food poisoning throughout Japan. In cases of suspected mushroom poisoning, species identification is commonly achieved through an examination of the morphological characteristics; however, this is often impossible when mushroom samples have been processed, or when only residual amounts of the food items and vomit remain. If a morphological examination is inconclusive, an assay without depending on morphology may be required to verify the cause of mushroom poisoning. Real-time PCR assays have proved useful for identifying mushroom species independently of morphology. 8, 12, 27) A multiplex real-time PCR assay using DNA probes has been able to distinguish such different species as O. guepiniformis and L. edodes in one run, allowing for rapid detection, reduced costs and less sample waste when compared to similar assays using simplex PCR.
O. guepiniformis has been identified in the past with a real-time PCR assay using SYBR Green I; 8) however, the detection of highly homologous target sequences such as those in the ITS regions of Omphalotus DNA by using SYBR Green I is difficult, and this method is not applicable to multiplex real-time PCR. Moreover, a realtime PCR assay using SYBR Green I has not yet been applied to clinical samples such as those that have been exposed to gastric juices, or to processed food samples containing other food items. Identifying O. guepiniformis in samples such as these may be required in order to determine the cause of food poisoning.
A multiplex real-time PCR assay using TaqMan MGB probes was developed in the present study for simultaneously detecting O. guepiniformis and L. edodes with high specificity. The detection of target sequences using TaqMan MGB probes is more specific than detection using SYBR Green and standard DNA probes. [9] [10] [11] No cross-reaction was apparent with any non-target species listed in Tables 1 or 2 in a cross-reactivity test. Among the 57 species listed in Table 2 , 52 are frequently used in cooking; the other five species (Amanita pantherina, Clitocybe acromelalga, Entoloma rhodopolium, Omphalotus olearius and Tricholoma ustale) are poisonous and are often the cause of mushroom poisoning in Japan. 4) In addition, all the target species used for the test (OG1-17 and LE1-16) were detected by the assay. Although some species of genus Omphalotus were not available, the sequences of the TaqMan MGB probes were confirmed to have no significant homology with the known sequences of other species of genus Omphalotus as determined by a BLAST search.
The assay described in the current study proved effective for detecting O. guepiniformis and L. edodes in processed and digested samples, as well as in processed food samples containing other food items and artificial gastric juice. Ct values were obtained from all the processed and digested fruiting bodies, as well as from miso soup samples containing 1% fruiting bodies and artificially digested samples (Table 4 ). The Ct values obtained from all the processed and digested fruiting bodies were higher than those obtained from the raw fruiting bodies, suggesting the presence of some genomic DNA degradation in the processed and digested samples caused by high temperature and the presence of acid in the artificial gastric juice. [29] [30] [31] [32] [33] This assay proved to have high sensitivity and good linearity at low DNA concentrations (0.00025-2.5 ng) (Fig. 1) due to the ITS region chosen as the target sequence possessing multiple copies. 25) The assay also provided sufficient accuracy with good repeatability (CV of Ct values ¼ 0:04{0:38%) and reproducibility (CV of Ct values ¼ 0:20{1:23%) ( Table 5 ).
The proposed method can detect 0.01% O. guepiniformis DNA in the mixture of genomic DNAs extracted from Panellus serotinus and O. guepiniformis DNA, as well as 0.01% L. edodes DNA in the mixture of genomic DNAs extracted from Panellus serotinus and L. edodes DNA. The method can also detect 1% O. guepiniformis DNA and 1% L. edodes DNA in the mixture of O. guepiniformis DNA and L. edodes DNA (data not shown). This method would therefore be applicable to a processed sample involving food poisoning which would contain more than 1% O. guepiniformis in a practical case of accidental poisoning.
In conclusion, the current study presents a rapid and target-specific multiplex real-time PCR assay able to simultaneously detect the presence of O. guepiniformis and L. edodes. This novel PCR assay has high specificity for the target species, high sensitivity, good linearity and applicability to processed samples. These characteristics would make the assay useful for rapidly identifying O. guepiniformis and L. edodes.
